Abstract
Results
Fifty studies met eligibility criteria and were used for data extraction. With a single exception, all studies used a candidate gene approach, providing data on 229 polymorphisms in or near 55 different genes. Of variants investigating in independent data sets, only rs2029461 SNP in GRM4, rs3743123 in CX36 and rs3918149 in BRD2 showed a significant association with JME in at least two different background populations. The lack of consistent associations might be due to variations in experimental design and/or limitations of the approach.
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The completion of the human genome sequences has allowed significant advance in association studies by using unbiased approaches such as genome-wide association studies (GWAS). In the last decade, this strategy has been used to investigate genetic variants associated with several diseases, including epilepsy [28] . Despite the high frequency of information yielded by genetic association studies of JME, the translation of these findings into clinical applications is still limited, requiring a critical appraisal of the existing information. The aim of this systematic review, therefore, was to report and evaluate the findings of existing genetic association studies that have examined the genetic variants underlying the JME phenotype.
Materials and methods
The systematic review was conducted and reported in accordance with the PRISMA guidelines [29] and the protocol was registered on the international prospective register of systematic reviews (PROSPERO registration number: CRD42016036063. Available at: http://www.crd. york.ac.uk/PROSPERO/display_record.asp?ID=CRD42016036063.
Search strategy
We did a systematic review to identify genetic association studies with JME. We performed a systematic literature search of PubMed, Embase, Scopus, LILACS, epiGAD (Epilepsy Genetic Association Database), Google Scholar and SIGLE (System for Information on Grey Literature in Europe) up to February 12, 2016 using the following combinations of relevant keywords: "Juvenile Myoclonic Epilepsy" AND "Association Study", "Juvenile Myoclonic Epilepsy" AND "Polymorphism", "Idiopathic Generalized Epilepsy" AND "Association Study", "Generalized Epilepsy" AND "Association Study", "Juvenile Myoclonic Epilepsy" AND "Variants", and "Generalized Epilepsy" AND "Variants".
Selection criteria
We included population-based genetic association studies investigating any polymorphism with JME. Selected articles had to be original research containing independent data and casecontrol studies, including those that used candidate gene and GWAS approaches. Articles were filtered in three steps (see Fig 1) : i) duplicated publications from the databases were excluded; ii) non-relevant studies (based on eligibility criteria) were excluded, such as reviews, non-genetic studies, non-human studies, case reports, and no access; iii): relevant studies were screened to exclude studies conducted with IGE patients without discriminating JME subgroup data and studies with related individuals in case or control groups.
Data extraction
Two investigators independently (Bruna Santos and Layanne Angelo) performed the literature search and data was cross-checked to ensure consistency. Titles, abstracts, and full texts were screened sequentially for eligibility criteria and any discrepancies were resolved by consensus or by a third reviewer.
Data extracted included information on: i) the setting for each study (the genotyping method employed, the overall sample size and statistical model); ii) characteristics of study participants (phenotypic definitions and ethnic/geographic characteristics); iii) characteristics of polymorphism (type, locus, prior evidence of linkage and evidence of functional role) and; iv) outcome measure (genotype and allele frequencies, Hardy-Weinberg equilibrium test and odds ratio).
Quality assessment
Methodological quality of the included studies was independently assessed by two reviewers (Bruna Santos and Thalita Marques), according to a set of predefined criteria (S1 Table) based on the scale of Thakkinstian et al. [30] , which were amended compared to those used in the previously published meta-analytic studies [31] [32] [33] . The following factors were included in the criteria: representativeness of cases, representativeness of control, ascertainment of epileptic disorders, sample size (total number of cases and controls) and matching of case and control participants. Scores ranged from 0 (lowest) to 13 (highest). If the score was !7, the study was categorized as "high quality"; otherwise, the study was categorized as "low quality". Disagreements were resolved by consensus. Due to high heterogeneity in study design and outcome measurements among the included articles, a meta-analysis was not performed. Instead, we conducted a narrative synthesis of the evidence.
Results
Our search returned 9074 citations, 5570 of which were duplicated. Of the 3504 unique citations, 2652 were excluded because they were not relevant to the current review. Of 852 relevant studies identified, 50 met the predetermined inclusion criteria (Fig 1) . Of these, 49 investigated susceptibility variants using a candidate gene approach and one by using GWAS .
The quality of studies ranged from 5 to 13, out of a possible score of 13 (Table 1 and S2  Table) . The most of studies were classified as high quality (90%) [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] 55, 56, [58] [59] [60] [61] [62] [63] [64] [65] [67] [68] [69] [70] [71] [72] [73] [74] [76] [77] [78] 80, 82, 83] . Ninety-eight percent of them clearly define the study population [80] [81] [82] [83] . In relation to representativeness of the controls, fifty-six percent were either population-based or healthy volunteers [36,38- 
Gene candidate studies
In all, 49 published studies provided data regarding 224 polymorphisms in or near 52 different genes, of which 33 were directly related to synapse transmission (channels, receptors, neurotransmitters and neuromodulators). The others were involved in different biological processes, such as gene expression regulation, mitochondrial metabolism and immunological response (S2 Table) . The studies included in the review were conducted with different ethnic populations from Europe (n = 34), America (n = 5), Asia (n = 10), Africa (n = 2) and Oceania (n = 3). The number of patients ranged from 14 to 732, and their age varied from 2 to 25 years. The most used JME diagnostic criterion was based on the proposal by the Commission on Classification and Terminology of the International League Against Epilepsy. The vast major of polymorphisms failed to show associations with JME (S2 Table) .
Twenty-two polymorphisms were investigated, independently, in more than one study. For 14 polymorphisms, all independent investigations showed no association (Table 1) . Only rs2029461 SNP in GRM4, rs3743123 in CX36 and rs3918149 in BRD2 showed a significant association with JME in at least two different background populations. For 5 polymorphisms, the positive association was not confirmed in independent studies (Table 1) . For example, rs516535 in BRD2, which had reported analysis in several background populations, showed a significant association with JME in Northern American population [83] , but no association in larger samples of West European [54, 60] .
GWAS studies
Only one study involved a genome-wide analysis of JME patients. The EPICURE study published a large GWAS in GGE, including 382 JME patients of North-Western European origin and 382 ethnically matched population controls. By combined analysis of the 2-stage, only SNP rs12059546 in M3 muscarinic acetylcholine receptor (CHRM3), reached genome-wide significance with JME (S2 Table) . Furthermore, only 10 SNPs located at 8 different loci (1q43; 3q21.31; 5q12.3; 8q23.1, 11p15.4, 13q13.2, 18q11.2, 18q22.3) showed associations with JME exceeding the Stage-1 screening threshold of PLMM < 1.0 × 10−5 and none of them are among those included in this review.
Discussion
To the best of our knowledge, this is the first systematic review of genetic association studies in JME. Our review provides an updated perspective on the accumulating evidence on common susceptibility alleles in this IGE subtype. In the 50 association studies reviewed, most polymorphisms were examined in one case-control study, of which just 17% had a positive association [34, 43, [47] [48] [49] [51] [52] [53] 55, 58, 61, 62, 64, [66] [67] [68] [69] 71, 77, [80] [81] [82] [83] . However, taking into account the high a priori risk of false positive results in candidate gene association studies [25] , a discussion of the biological significance of these cases was precluded. In fact, genetic associations based on a single study cannot exclude the possibility of having been obtained by chance, and thus are not sufficient to establish a link with JME susceptibility. The rest of the discussion is therefore limited to data generated in more than one independent study. Positive findings using variants from independent data sets could not be replicated in at least one of the studies, including GABRG2 (rs211037), HLA (DRB1), HLA (DQB1), BRD2 (rs3918149 and rs516535), KCNJ10 (rs1130183). As we discussed below, part of the reason for the lack of consistent patterns of association could be the experimental design: sample size, population stratification and phenotype definition.
Sample size: the recruitment of sufficiently large and homogeneous samples for robust genetic analysis is a long-standing weakness of association studies[25, 85, 86] . The using of small sample size reduces the statistical power to detect loci with a positive effect. On the other hand, larger sized samples may be more heterogeneous as a result of an effort to get larger cohorts. Population stratification: studies with discrepant results were often conducted on patients with different population backgrounds. For example, GABRG2 (rs211037) had a significant association with an Indian population but not in a Brazilian population. Interestingly, the allele and genotype frequencies of these polymorphisms show wide variation between the populations investigated, suggesting a role for ethnic differences in the distribution of this variant [63] . In these cases, the lack of replication could be caused by differences in the genetic structure of populations investigated. Population stratification could exist between treatment and control populations, even in well-designed studies. Such stratification could lead to spurious associations between a disease and genes that are biologically unrelated to the disease. In almost all the studies included in our sample, the only method to minimize stratification was by sampling and matching cases and controls from the same geographic region. Only four studies applied a complementary method by using genetic markers[52,53,56,57]. Thus, undetected population stratification could also be a cause of non-replicable studies [87] [88] [89] , especially if the variant studied has variable penetrance and allele frequencies in different populations [90] . Phenotype definition: the lack of diagnosis based on rigid standards or objective biomarkers is a critical issue in the genetic analysis of JME [12] and may explain the divergent results found in this study. Most of the studies classified patients according to those suggested by the Commission on Classification and Terminology of the International League Against Epilepsy [2] in their Proposal for Revised Classification of Epilepsies and Epileptic Syndromes from 1989. In this document, the League described a group of signs and symptoms to identify a JME patient, but did not establish a "diagnostic protocol. Thus, even though most researchers followed the ILAE clinical criteria, inconsistent interpretation of clinical parameters and electrographic findings could still contribute to the divergent results. For example, Balan et al. [71] only used abnormal findings on EEG recordings to support JME diagnosis, while Gitaí et al.
[63] included generalized spike-wave discharges in their diagnosis. Moreover, JME is a heterogeneous electroclinical epilepsy syndrome [91, 92] . Few studies have used a tight endophenotype criterion, grouping patients by seizure type, diurnal preferential seizure occurrence or electroencephalogram pattern. Thus, the clinical entities classified as JME display many differentiable symptoms [93] that may well reflect different underlying genetic influences. There is a subset of JME patients, for example, who evolved from childhood absence epilepsy (CAE) [6] . If samples are not divided into subclinical categories, the genetic signal may be masked. A more effective strategy to elucidate genetic markers associated with JME could be to narrowly and consistently identify phenotypes representing specific JME endophenotypes [94] [95] [96] [97] .
Thus, because of the difficulty in controlling genetic heterogeneity and all possible confounders across studies, the failure of replication does not prove a false-positive result. Although independent replication of association has been a normative criterion for weighing evidence, Pal et al. [98] suggest that evidence should also be judge by integrating results from different experimental approaches, including linkage analysis and mutation screening. Indeed, a positive allelic association found in a locus of prior linkage is more likely to be real [98, 99] . Returning to the case of variants in BRD2, EJM1, a major JME susceptibility locus, was discovered by linkage analysis of three separate family collection[36, [100] [101] [102] [103] . In 2003, Pal et al. [83] suggested that BRD2 is responsible for the EJM1 linkage peak and that the rs3918149 (among others) variant is a risk factor for JME. The positive association of this variant with JME was confirmed by independent familial and populational-based case-control studies [77, 83] . Furthermore, BRD2 (but not rs3918149) was associated with photoparoxysmal response (PPR) [104] . Therefore, although the relationship between BRD2 and JME has not been replicated across some populations[54,60,77] convergent evidence supports BRD2 contributions to epileptogenesis. In fact, functional assays with heterozygous BRD2 knockout mice showed an increase in seizure susceptibility to flurothyl and the occurrence of spontaneous seizures in female mice [105] . In this review, out of 39 variants with positive associations, 23 are located in areas linked to JME. An absence of replication for these polymorphisms, therefore, should not prevent their incorporation in functional studies.
Beyond the rs3918149 in BRD2, only two other polymorphisms showed significant associations with JME (rs2029461 in GRM4 and rs3743123 in CX36) which were replicated in at least one independent study. In fact, these studies showed higher quality scores. For example, to avoid the confounding effect of population admixture in case-control studies, at least, one of these studies applied a genomic control approach [52] or carried out a family-based association study in parent-child-trios [46, 67, 83] . CX36 is an integral membrane protein of neuronal gap junction channels that has a significant role in epileptogenesis [106] [107] [108] . rs3743123 is a C.T transition (c.588C.T) within exon two that has not been classified as biologically important. Two independent studies showed that subjects with the T/T genotype at position 588 had a significantly increased risk of JME in a German population (OR 4.3; 95% CI 1.49 to 12.3) and a mix of other European (OR1.62; 95% CI 1.02-2.57) populations. The GRM4 encoding the group III metabotropic glutamate receptor 4 (mGluR4) and several studies have indicated a functional importance for this gene in the genesis of epilepsy [109] [110] [111] . rs2029461 is an A/G change located in the 5'UTR. The minor allele (G) showed significant association with the JME phenotype in both Caucasian and Indian populations. Interestingly, both CX36 and GRM4 genes are located in two major susceptibility loci (EJM2) for JME: regions 15q14 and 6p21, respectively, and were therefore originally chosen as gene candidate due to positional and functional criteria. However, the mechanisms by which rs3743123 and rs2029461 predispose individuals to developing JME remain obscure.
JME susceptibility
Despite intense research over the last decades, there is relatively weak evidence for the involvement of most of the variants investigated in JME susceptibility. Even in a more systematic investigation by using GWAS, the findings are not particularly encouraging. In fact, the single GWAS study only identified rs12059546 (located in the gene encoding the M3 muscarinic acetylcholine receptor (CHRM3)) as having genome-wide significance with JME. However, this positive association was not replicated in a case/control study performed in a Chinese population [112] .
This apparent lack of progress may be caused by several confounding issues, including the paradigm that epilepsy is a channelopathy [113] . We observed that the majority of candidate gene studies (64%) had investigated variants in gene coding ion channels or proteins directly related to synapses transmission. These findings clearly indicate that the search for JME related genes has been narrowed by the assumption that the underlying cause of epilepsy is channel gene dysfunction. However, it is highly likely that epilepsies result from an interaction between genetic variants with different functional roles. A recent study using exome sequencing followed by large-scale genotyping of individuals with IGE provided a candidate list of epilepsysusceptibility variants that was not limited to genes encoding ion channels or ion channel modifiers [114] . Clearly, further studies are necessary to confirm that these variants are genuinely contributing to JME susceptibility.
Although individual or genome-wide association analyses offer a powerful strategy for identifying common variants of a complex disease, such as JME, major influences on disease expression caused by rare alleles are often missed. Advances in genomic technologies can expand our understanding of the genetics of JME [95] . For example, Mefford et al. [94] detected several rare copy number variants (CNVs) in JME patients as well as in several other epilepsy types by using whole-genome oligonucleotide array comparative genomic hybridization still a lack evidence of causality between these variants and JME.
Other studies have showed that many of these genomic structural variants are potential risk factors for JME, but are present only in 3% of patients [96] . With the advent of next-generation sequencing technologies (NGS) that allow whole-genome or whole-exome sequencing, there will be an unprecedented increase in the identification of multiple rare DNA variations that may be associated with particular phenotypes [97] . However, to date, the only NGS study of individuals with JME suggests that moderately rare variants (frequency range of 0.06%-0.3%) with intermediate effects do not play a significant role in JME risk or the development of other IGE subtypes. Moreover, no single rare variant was detected exclusively in JME patients that could account for more than 1% of cases. This high genetic heterogeneity might help explain the numerous unsuccessful attempts to find JME susceptibility genes. Alternatively, JME heritability could be epigenetic, including changes in methylation patterns of genome and histones. Such changes could affect susceptibility to and development/maintenance of epilepsy. In fact, the detection of epigenetic modifications observed in both animal models and tissues from patients with temporal lobe epilepsy are encouraging a new line of research that may contribute substantially to our knowledge of epilepsy susceptibility [115] . The significant challenge is how to apply these approaches to investigate risk factors in IGE epilepsy, such as JME.
Conclusions
Considerable effort has been expended over the last 40 years to identify JME causative/susceptibility genes. Here, we provided an updated synthesis of the accumulating findings of genetic association studies and JME. The combined studies provided data on 229 polymorphisms in (or near) 55 different genes. Nevertheless, only three polymorphisms (rs2029461 SNP in GRM4; rs3743123 in CX36 and rs3918149 in BRD2) have been associated with JME in, at least, two independent gene candidate investigations. The lack of success in replicating the results is related to various aspects, including limitations of experimental design, endophenotypes, channelopathy issues and genetic heterogeneity. Therefore, scientists should go beyond replication criteria and draw on convergent evidence across different study designs. Such an integration of results from different experimental approaches combined with epigenetics and genomic technology could lead us to a more comprehensive evaluation of the current state of JME susceptibility. 
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